Getting inspirations from photosynthesis, people try to convert sunlight, water and carbon dioxide into carbohydrates and oxygen, and try to capture and store the solar energy in the other chemical bonds of a fuel by artificial means, which commonly is called artificial photosynthesis[@b1][@b2]. Having a great potential to reduce the CO~2~ levels in Earth\'s atmosphere, and even produce fuel and food for anthropogenic activities, artificial photosynthesis has become a research hotspot[@b3][@b4][@b5]. So far, a variety of investigations on artificial photosynthesis have been carried out, including biometic approach[@b6][@b7], photocatalytic water splitting[@b1][@b8] and photocatalytic CO~2~ reduction[@b2][@b9].

F. Kurayama, et al.[@b8][@b10] (2004) carried out an experiment on photo catalytic CO~2~ reduction, getting HCOOH of 1.5--2.0 mmol/L. O. Ozcan, et al.[@b11] (2007) carried out experiments on water splitting combined CO~2~ reduction, getting CH~3~OH of 12--40 μmol/(g.catalyst). K Iizuka, et al.[@b12] (2011) carried out experiments on water splitting combined CO~2~ reduction, getting H~2~ of 10 mmol/h, CO of 4.3 mmol/h, and HCOOH 0.3 mmol/h. W. Lee, et al.[@b8] (2013) carried out an experiments on water splitting combined CO~2~ reduction, getting H~2~ of 124 nmol/h and CH~3~OH of 522 nmol/h.

Although such artificial photosynthesizes successfully produced H~2~, CO, HCOOH and CH~3~OH, their efficiencies were still low and it did not yet produce sugar and polymer. Aim to produce sugar and other carbohydrates; a photovoltaic reactor for artificial photosynthesis was designed, based on the reaction involved in high energy hydrogen atoms. But it was far from our expectation; repeated several times, oxalate and oxalate-basic polymer were produced, instead of sugar and other carbohydrates. This was the first time that the oxalate and oxalate-based polymer were produced from the artificial photosynthesis process.

Results
=======

The photovoltaic reactor for artificial photosynthesis was designed as [Fig. 1](#f1){ref-type="fig"}.

The photovoltaic reactor consisted of a solar panel, an accumulator and an electrolytic cell. The solar panels were used to absorb solar energy, which was then converted into electric energy. The electrolytic cell was the sites of reactions, where the high energy hydrogen atoms and oxygen were produced by electrolysis of water. Then oxalate and polymer were subsequently synthesized.

The reactor was operated under the conditions studied for 480 hours, thereby a produced solution were obtained. Then the solution was analyzed by high performance liquid chromatography (HPLC) ([Fig. 2](#f2){ref-type="fig"}), in which results showed the oxalate concentration was 17.32 g/L. For the 600 ml solution, total of 10.39 g of oxalate was obtained. The produced solution was treated in the following order: 1) strong acidic cation-exchange resin, 2) strong basic anion-exchange resin to remove the generated oxalate and other electrolytic compounds, and finally a neutral solution was obtained. The neutral solution thus obtained was concentrated and dried, yielding 0.76 g neutral solid product, which was a transparent or translucent solid, shown in the [supplementary figure 1 (S. Fig. 1)](#s1){ref-type="supplementary-material"}.

The neutral solid product was analyzed by a gel permeation chromatography (GPC). The GPC spectrum contains two distinct peaks at 11.92 and 19.04 min, which accounted for 86.6% and 13.4%, respectively of the total peak area ([S. Fig. 2](#s1){ref-type="supplementary-material"}). Based on the molecular weight calibration from globular proteins, the weight-average molecular weight (Mw) of the product at 11.92 min was 2.37 × 10^5^ g/mol (Mw). The average molecular weight for the product at 19.04 min was 191.56 g/mol ([S. Fig. 3 and 4](#s1){ref-type="supplementary-material"}). Therefore, the neutral solid product was regarded as a polymer.

To evaluate the performance efficiency of the reactor, the current efficiency, the electronic energy consumption efficiency and the cathode plate area efficiency were investigated. The current efficiency (E~i~) is the ratio of the actual mass of special product (M~i~) to the theoretical mass (M~th~) of that product liberated according to Faraday\'s law, %; expressed as [equation (1)](#m1){ref-type="disp-formula"}. The electronic energy consumption efficiency (E~EEC~) is the actual mass of special products (M~i~) divided by the electronic energy consumption (EEC), g/kwh; expressed as [equation (2)](#m2){ref-type="disp-formula"}. The cathode plate area efficiency of (E~CPA~) is the actual mass of special products (M~i~) divided by the area of cathode plate (CPA) and time (t), g/(m^2^. h); expressed as [equation (3)](#m3){ref-type="disp-formula"}. Under the conditions studied, the current efficiency of the reactor was about 18.4% for oxalate and 5.18% for the polymer. The electronic energy consumption efficiency was 123.69 g/kwh for oxalate and 9.05 g/kwh for the polymer. The cathode plate area efficiency was 17.32 g/(m^2^. h) for oxalate and 1.27 g/(m^2^. h) for the polymer.

The elemental composition of the polymer is (wt%): 40.90% as carbon, 54.53% as oxygen and 4.55% as hydrogen. So, the formula of polymer is expressed as C~8~H~10.7~O~8~. Based on the NMR results, the proposed structure of the polymer was given in [Fig. 3](#f3){ref-type="fig"}. The polymer is made of oxalate, glycol and α-hydroxyl acetic acid.

Shown in [Fig. 3](#f3){ref-type="fig"}, except the peak of solvent (D~2~O, δ 4.70), there are three different hydrogen atoms in the ^1^H NMR spectrum. Those four peaks at δ 3.225, 3.635, 3.745 and 4.035, noted as H~a,~ connected with C atoms at δ 62.29, may be assigned to CH~2~ groups ([S. Fig. 5 and 6](#s1){ref-type="supplementary-material"})[@b13][@b14][@b15][@b16]. The peak at δ 8.544, noted as H~b~, not connected with any C atoms ([S. Fig. 6](#s1){ref-type="supplementary-material"}), but in the range of active H, is assigned to OH group[@b13][@b16][@b17]. The peak at δ 3.892, noted as H~c~, connected with C atoms at δ 71.80, is assigned to CH group ([S. Fig. 5 and 6](#s1){ref-type="supplementary-material"})[@b16]. The peak at δ 2.007, not connected with any C atoms, and out of the range of active H ([S. Fig. 6](#s1){ref-type="supplementary-material"}), can be regarded as an interference peak.

Shown in [Fig. 4](#f4){ref-type="fig"}, there are four different C atoms in the ^13^C NMR spectrum. Those at δ 171.13--171.16, noted as C~a~, not connected with any H atoms ([S. Fig. 6](#s1){ref-type="supplementary-material"}), may be assigned to C~2~O~4~ group[@b15][@b16][@b18]. The peak at δ 62.29, noted as C~b~, connected with H atoms δ 3.225--4.035, is assigned to CH~2~ group ([S. Fig. 5 and 6](#s1){ref-type="supplementary-material"})[@b16][@b19]. The peak at δ 71.80, noted as C~c~, connected with H atoms of δ 3.892, is assigned to CH group ([S. Fig. 5 and 6](#s1){ref-type="supplementary-material"})[@b16][@b19][@b20]. The peak at δ 164.09, noted as C~d~, not connected with any H atoms ([S. Fig. 6](#s1){ref-type="supplementary-material"}), may be assigned to COO group[@b16][@b20][@b21].

The proposed structure of the polymer was further confirmed by Fourier transform infrared spectrometer (FTIR) and mass spectrometry (MS) results. There are five characteristic peaks in the FTIR spectrum. They are assigned to O-H[@b16][@b22][@b23][@b24], C = O[@b22][@b23][@b25][@b27], C-O[@b23][@b24], and H-C-H[@b23][@b24][@b26] ([Fig. 5](#f5){ref-type="fig"}). These functional groups are consistent with the proposed polymer structure. Shown in [Fig. 6](#f6){ref-type="fig"} are the MS results, there are eight fragments that were less than 438 m/z, and all of them can be found in the proposed polymer structure.

Discussion
==========

The reaction mechanisms are explained as follows: The high energy hydrogen atoms produced by water electrolysis are attached on the surface of the cathode plate; provisionally are presented in the form of M-H. Subsequently, reaction between M-H and M-H (or H~3~O^+^) takes place, producing hydrogen[@b28]. The reaction ability of the high energy hydrogen atom is strong because of the high energy level, which Gibbs free energy (ΔG) is −206.5 kJ/mol at the statute of temperature of 298 K, atmosphere. Therefore, when other substrates touch the cathode plate, reactions between substrate and the high energy hydrogen atoms should take place; produce new hydrogenated products, as described in [Equation (7)](#m8){ref-type="disp-formula"}. Because oxalate is the main product and the polymer comprise the groups of oxalate, glycol and α-hydroxyl acetic acid. At the same time, CO~2~, carbonic acid, high energy hydrogen atom and glyoxal ([S. Fig. 7 and 8](#s1){ref-type="supplementary-material"}) exist in the system. The reaction pathways are suggested as [Fig. 7](#f7){ref-type="fig"}.

As shown in [Fig. 7](#f7){ref-type="fig"}, the reaction process should be described as follows:

Firstly, the high energy hydrogen atoms are produced by electrolysis of water[@b28], and H~2~CO~3~ (or HCO~3~^−^) is produced from CO~2~. Secondly, the H~2~CO~3~ was reduced by the high energy hydrogen atoms, generated oxalate. Thirdly, the H~2~C~2~O~4~ was subsequently reduced by the high energy hydrogen atoms, generated glyoxal. Then the glyoxal reacted with oxalate, (involved in the high energy hydrogen atoms) generated oxalate-glycol polymer.

Finally, the oxalate- glycol polymer subsequently was reduced by the high energy hydrogen atoms, generated oxalate-glycol-α-hydroxyl polymer.

Methods
=======

Artificial photosynthesis
-------------------------

600 ml of 5.0%(Wt%)NH~4~HCO~3~ solution were fed into the electronic cell, its anode and cathode plates were constructed using titanium metal electrode and Nickel-chromium-iron alloy electrode (Ni, 14.2%, Cr, 16.7%, Fe, 69.1%), respectively. A 2.5 μm micro porous membrane of polytetrafluoroethylene (PTFE) was used as the separation membrane. A voltage of 5.0 V was obtained from the accumulator, which was charged from a solar panel with its effective area of 0.25 m^2^. The current average 35 mA, the area of cathode plate was 0.00125 m^2^. Work at atmospheric condition, room temperature (15--28°C) for 480 hours.

HPLC
----

The product solution was analyzed by a high performance liquid chromatography, equipped with waters 600 controller and water 2478 dual absorbance detector. The column was a Hypersil C[@b18] 5 μm, the temperature of columns was maintained at 50 ± 1°C. The eluent was 0.01 mol/L (NH~4~)H~2~PO~4~ solution, added 1.0 mol/L H~3~PO~4~, PH: 2.7. The flow rate was 1.0 ml/min[@b29][@b30][@b31].

GPC
---

1.00 mg/ml solution of the neutral solid products was prepared and, and it was determined by a gel permeation chromatography (GPC). A HPGPC system equipped with Agilent G1362A differential refraction detector, tree columns of Shodex Sugar KS-801, TSK-G4000PW and KS-G in series were used. The temperature of columns was maintained at 50 ± 1°C, and the eluent was ultra pure water at a flow rate of 1.0 ml/min[@b32][@b33].

NMR
---

^1^H NMR and ^13^C NMR were carried out on a Spect (600 MHz), using D~2~O and TMS as solvent and reference, respectively[@b34][@b35].

MS
--

The polymer was analyzed by a high resolution mass spectrometry (Orbitrap Elite). The polymer was dissolved in methanol and injected at a flow rate of 3 ml/min. The gas temperature was set at 250°C, and the flow rate was 5.0 L/min[@b36][@b37].

FTIR
----

A Fourier Transform Infrared Spectrometer, Speltrum BX, was used. The powdered sample of polymer was on the diamond surface of a special optical tub, and then was analyzed in the range of 7800--350 cm^−1^ [@b38][@b39].

HPGC
----

The evidences for existence of glyoxal are tested by Gas Chromatography (GC). A gas chromatograph (Agilent Technologies 6890N) with a polyethylene glycol column (PEG, INNOWAX) and a flame ionization detector (FID) were used for the analysis[@b40][@b41].

Preparation of the standard glyoxal benzene solution: A 5.0 ml of 40% glyoxal water solution was fetched into flash, and dried up at 105°C to obtain the solid glyoxal polymer under the N~2~ atmosphere. 20 ml of benzene solvent was added to the flash and heat to 78°C to solve the glyoxal polymer and make the single glyoxal molecular released from the glyoxal polymer. Then the mixture solution was separated by distillation to obtain the fraction containing single glyoxal and benzene solvent, which fraction was used as the standard of single glyoxal benzene solution.

Preparation of the sample of benzene extraction: After reacted for 480 h by artificial photosynthesis, 200 ml produced solution was put in to a flash, and 20 ml benzene solvent was added, then the benzene solvent was obliged to be mix with the produced solution by stirring and shaking to extract single glyoxal. After let stand for 10 minutes, the extraction of benzene solvent was separated from the water solution. That extraction of benzene solvent was used as the sample to test single glyoxal composition.

Author Contributions
====================

G.N. involved in the new ideal and design of the device of artificial photosynthesis. S.W. involved in the preparation of the device of artificial photosynthesis. G.N., S.C., Q.Z., H.M. and S.L. involved in separation, determination and analysis of products. Y.X., P.Z. and W.C. involved in the analysis of mass spectrometry. G.N., S.C. and L.H. prepared the manuscript and all authors reviewed the manuscript.

Supplementary Material {#s1}
======================

###### Supplementary Information

Supplementary information for: Artificial photosynthesis of oxalate and oxalate-based polymer by a photovoltaic reactor

The financial support for this project was from the Guangxi Natural Science Foundation (Grant \#: 2013jjFA20001).

![The photovoltaic reactor.\
The photovoltaic reactor consists of a solar panel, an accumulator and an electrolytic cell. Which electrolytic cell consists of an anode chamber, an anode plate and cathode plate. And a 2.5 μm micro porous membrane of PTFE was used as the separation membrane.](srep03572-f1){#f1}

![The HPLC spectrums for the produced solution.\
It is the HPLC spectrum of the produced polymer, in which results show the oxalate absorption peak.](srep03572-f2){#f2}

![The ^1^H NMR results of the polymer.\
It is the ^1^H NMR spectrum of the polymer. The proposed chemical structure of the polymer is attached in.](srep03572-f3){#f3}

![The ^13^C NMR results of the polymer.\
It is the ^13^C NMR spectrum of the polymer. The proposed chemical structure of the polymer is attached in.](srep03572-f4){#f4}

![The FTIR results of the polymer.\
It is the FTIR spectrum of the polymer. The functional groups of O-H, C = O, C-O, and H-C-H are noted.](srep03572-f5){#f5}

![The MS results of the polymer.\
It is the MS spectrum of the polymer. There are eight fragments that were less than 438 m/z, and the structures of the fragments are arrayed in a table attached in the blank of the picture.](srep03572-f6){#f6}

![The proposed reaction pathways of the artificial photosynthesis.\
It is the proposed reaction pathway of the artificial photosynthesis. Four steps of reactions are included.](srep03572-f7){#f7}
